Lactate dehydrogenase (LDH, E.C.1.1.1.27) was found in supernatant (cytoplasmic 
somatid and human serum LDH enzymes with respect to Ki, substrate activity and inhibition, pH optima, and Ki values for oxalate and oxamate indicated that the trypanosomatid isoenzymes differed significantly from serum LDH. C. fasciculata LDH was extremely labile, since 59 % of the activity was lost 90 min after isolation. The role of LDH enzymes in trypanosomatid metabolism is discussed, and the results are related to other trypanosomatid LDH enzymes. The comparison of homologous enzymes in host and parasite is discussed with regard to metabolic function and a possible model system for chemotherapy.
Lactate dehydrogenase (LDH, E. C. 1. 1. 1. 27) has been intensively studied because of differences in forms of the enzyme phyletically and in different cells of the same organism. Comprehensive reviews of LDH (10, 20, 27) do not emphasize the possibility that some forms of LDH may have been overlooked because of lability. Despite substantial information on the enzymology of trypanosomatids, the existence and function of LDH in them is uncertain. Although Ryley (23) recovered little or no lactate from glycolytic products of Trypanosoma rhodesiense, he found substantial LDH activity (24) . Baernstein (3) and Krassner (17) did not detect LDH in T. cruzi homogenates; the enzyme, however, was detected by Raw (22) , and lactate was a glycolytic product (23) . Likewise, lactate was produced anaerobically by Crithidia fasciculata but LDH assays were negative (25) . Quantitative differences were found in LDH levels of ablastin-inhibited T. lewisi (8) , and LDH isozymes were reported in T. conorhini (4) . There are, however, few kinetic details available concerning trypanosomatid LDH enzymes.
Studies of labile enzymes concerned in energetic and synthetic pathways of trypanosomatids are of special interest. Enzymatic (and morphological) changes occur as the parasitic trypanosomatids adjust to the different environments of host and intervertebrate vector (28) (29) (30) .
This study was undertaken to: (i) characterize trypanosomatid LDH enzymes and relate these properties to the metabolism of trypanosomatids, and (ii) establish a model system for comparing the analogous enzymes of pathogenic trypanosomatids and their warm-blooded hosts as differences between their enzymes might be useful in chemotherapy. T. conorhini was used because it is related to the pathogen T. cruzi against which there is no satisfactory drug (6). hydroxypropyl)ethylenediamine; Wyandotte Chemical Corp., Wyandotte, Mich.). Culture methods and cell harvesting were as described (2) .
T. conorhini, isolated from Triatoma rubrofasciens by Johnson (14) , was maintained in biphasic rabbit blood agar containing equal amounts of (i) solid phase (g/100 ml) and (ii) overlay (g/100 ml): (i) nutrient broth, 0.18; NaCl, 0.75; agar (Sigma Chemical Co.), 1.6; defibrinated rabbit blood (superadded aseptically after autoclaving and cooling the agar to -50 C; Animal Blood Center, Syracuse, N.Y.), 15 ml; and (ii) KCI, 0.04; MgSO4.7H20, 0.02; L-asparagine H20, 0.04; 2,3-adenylic acid, 0.002; potassium citrate H20, 0.02; calcium succinate*H2O, 0.002; L-glutamic acid, 0.04; and Na2 DL-a,fl-glycerophosphate-5H20 (25% a, 75% f8; Sigma Chemical Co.), 1.0. The overlay was made up at lOX concentration and autoclaved. Glucose (50 g/100 ml) was autoclaved at acid pH and added aseptically to the lOX overlay at 0.2 g/100 ml; the overlay was then diluted aseptically with water to I X; the final pH of the overlay was 7.4. The mass-culture medium differed from the stock-culture medium by containing 10% (v/v) outdated human blood. Mass cultures were grown in Bellco screw-cap 2-liter Erlenmeyer flasks containing 500 ml of human blood agar plus 500 ml of overlay. Twenty flasks were inoculated with late logphase stock cultures (10 ml/flask) and incubated at 26 to 28 C for 5 to RESULTS T. conorhini LDH preparations. Preparations of T. conorhini soluble enzymes had LDH activity only when the isolation medium contained 10 mM cysteine. Soluble enzyme fractions prepared with or without cysteine had malic dehydrogenase (EC 1.1.1.37), aldolase (EC 4.1.2.7), and glutamate-oxaloacetate transaminase (EC 2.6.1.1) activity. The activity of these enzymes was not affected by 10 mM cysteine.
T. conorhini LDH activity was optimal with 5 mM cysteine in the reaction mixture ( Fig. 1) . At pH 5.4, the per cent increase with 5 mm cysteine was equivalent to that at pH 7.2. Cysteine at 30 mm lowered the maximal rate by 20% ( Fig. 1 ) at pH 7.2. Oxidation of NADH did not occur in the absence of pyruvate, with or without cysteine. Dugaiczyk, Malecki, and Eiler (11) showed that cysteine forms a thiohemiketal with aqueous pyruvate, thus diminishing available pyruvate. This would not apply in the above reactions because of the following: (i) pyruvate was added to start the reaction, and not incubated with cysteine; (ii) the rates were linear for >2 min; (iii) cysteine did not affect the activity of serum LDH; and (iv) the optimal cysteine concentra- conorhini LDH. Rates were obtained with 7.5 mM pyruvate at pH 7.2 with conditions described in Materials and Methods.
tion in the present work was five times lower than that used in the thiohemiketal studies (11) .
To eliminate possible contamination of the homogenates with serum LDH, T. conorhini cell pellets were washed three times with 250 ml of buffer before homogenizing. Uninoculated control flasks containing human blood agar plus overlay were incubated along with cultures and assayed to determine LDH activity in the culture medium. The specific activity of LDH in the control overlay was 5.1 nmoles per min per mg of protein when 1.0 ml of overlay was assayed. Activity of overlay LDH with pyruvate paralleled serum LDH activity (see Fig. 4b ). Cysteine (5 mM) did not affect this reaction. The LDH activity of the overlay was <10% of the T. conorhini preparation (with 5 mM cysteine; Fig. 1 Both enzymes were sensitive to excess pyruvate (Fig. 4) . Pyruvate at 50 mm inhibited serum LDH activity by 90%, and T. conorhini LDH 68% (with 5 mm cysteine) and 69.5% (Wkithout cysteine).
Studies of substrate specificity of heart LDH (see 32) indicated that a-ketobutyrate was a secondary substrate. The Km value for a-keto- butyrate with T. conorhini enzyme was 1.6 X 10-4 M with 5 mm cysteine and 1.8 X 10-4 M without it (Fig. 5a) ; the Km for the serum LDH was 1.6 X 10-8 M (Fig. 5b) , with or without 5 mM cysteine. Cysteine (5 mM) inhibited the T. conorhini reaction by 35%; it did not affect the activity of serum LDH (Fig. 6) . The maximal velocity was obtained for T. conorhini LDH with a-ketobutyrate at 2 mM; substrate inhibition appeared at higher concentrations (Fig. 6a) . The maximal rate of T. conorhini LDH with a-ketobutyrate was 6.8 times that obtained with pyruvate (Fig. 4a, 6a) . The a-ketobutyrate concentration for optimal serum LDH activity was higher than noted by Wilkinson (32) ; however, this study utilized electrophoretically isolated isozymes, whereas we used crude serum preparations.
Reduction of NAD by T. conorhini and serum LDH enzymes was studied in hydrazine-glycine buffer (pH 9.8; reference 7) with L-lactate or DL-a-hydroxybutyrate as substrates. The ratio of the velocities of L-lactate (10 mM) to DL-ahydroxybutyrate (10 mM) was 0.28 for T. conor- C. fasciculata LDH reduced NAD in the presence of 10 mM DL-a-hydroxybutyrate and hydrazine-glycine buffer at pH 9.8. The ratio of the velocities of L-lactate (10 mM) to DL-hydroxybutyrate (10 mM) was 0.58 for C. fasciculata LDH.
To determine whether C. fasciculata soluble preparations produced an LDH inhibitor when stored at 0 to 4 C, preparations were incubated with crystalline bovine heart LDH (type III, Sigma Chemical Co. Preservation of C. fasciculata LDH activity after thawing was attempted as follows: 3.1 mg of supernatant fluid was incubated for 90 min at 0 to 4 C with either 1 mm cysteine or 3 mg of bovine serum albumin (fraction V, Sigma Chemical Co.), or both. Control rates were measured at zero time after thawing and after 90 min. All preparations had the same activity loss (60%).
DISCUSSION
The extreme lability of the C. fasciculata enzyme and the cysteine activation of T. conorhini LDH emphasize that earlier negative results with crude trypanosomatid preparations do not denote absence of LDH (31). Although Raw (22) found low levels of LDH in T. cruzi homogenates isolated with cysteine, he did not use cysteine in the reaction mixtures. Baernstein (3) did not use a sulfhydryl reagent in preparing T. cruzi homogenates or reaction mixtures, which may explain why he found no LDH activity. Bayne and Roberts (4) found low LDH activity in aqueous homogenates of T. conorhini; whether any sulfhydryl reagent was used was not indicated. Schwartz (25) and Bacchi et al. (1) did not detect LDH in preparations of C. fasciculata (isolated without cysteine), although lactate was one of its glycolytic products (25) . C. fasciculata LDH was more active with pyruvate than with a-ketobutyrate. For C. fasciculata, the optimal pyruvate concentration, optimal pH level, and extent of inhibition with oxalate and oxamate (summarized in Table 4 ) indicate that it resembles T. conorhini LDH more than serum LDH. The low activity of the C. fasciculata LDH at pH 7.2 correlates with the finding that only 7% of glucose carbon supplied to whole cells was recovered as lactate when the cells respired under N2 at pH 7.6 (25) . This enzyme in C. fasciculata may reduce excess pyruvate which cannot be utilized via the Krebs cycle.
T. conorhini LDH preparations had higher activity with a-ketobutyrate rather than with pyruvate at pH 7.2. Cysteine was not necessary for optimal activity, indicating that the enzyme may function as an a-keto acid dehydrogenase, or that when isolated its structure was altered, making ca-ketobutyrate the preferred substrate. LDHX, an additional isozyme of LDH found in homogenates of mature testes of different organisms, had more affinity for a-hydroxybutyrate and a-hydroxyvalerate than for lactate (5) . Such a substrate preference was likewise evident in T. conorhini and C. fasciculata LDH enzymes. Although the possibility of two separate enzymes (i.e., LDH and a-ketobutyrate dehydrogenase) must be considered, crystalline rabbit-muscle LDH had the same relative activity with both substrates as had crude enzyme preparations (32) .
The wide differences in sensitivity of T. (Fig.   4 , Table 4 ). By this criterion, T. conorhini LDH would function primarily as a muscle-type enxyme, in keeping with the glycolytic proclivities of the trypanosomes (13) . Ryley (23) recovered 6 .6% of supplied glucose carbon as lactate in T. cruzi blood forms incubated anaerobically; < 1 % was recovered as pyruvate, suggesting that LDH may be functional.
There are few comparative studies of analogous enzymes in protozoan parasites vis-t-vis their hosts. Comparison of LDH enzymes may now be attempted. T. conorhini and C. fasciculata LDH enzymes had optimal pH levels in the acid range ( Fig. 2; Table 3 ), and were not as inhibited by high pyruvate concentrations as serum LDH. Although T. conorhini LDH was reported to be insensitive to excess pyruvate, the maximal concentrations used were not reported (4). Sherman (26) found that LDH enzymes of the malaria parasites Plasmodium lophurae and P. berghei were more efficient than the erythrocyte enzyme at acid pH levels. Pyruvate (10 mM) inhibited erythrocyte but not Plasmodium LDH (I. W. Sherman, Proc. 1st Int. Congr. Parasitol., 1: 73, 1966) . Electrophoresis of the parasite LDH enzymes indicated they migrated cathodally (26) . Cathodal LDH enzymes also occurred in the African trypanosomes T. brucei and T. rhodesiense (21) , and were indicated for T. conorhini (4), T. equiperdum (4), and T. lewisi (8) . LDH function in African trypanosomes is not clear, since T. rhodesiense blood forms had high LDH activity but recovery of lactate from respired glucose in whole cells was negligible (24) . Kinetic and electrophoretic studies, especially with enzymes of the leishmanial (intracellular) forms of T. cruzi, may clarify functional specialization among trypanosomatid enzymes.
The present results point to substantial differences in metabolic roles and biochemical properties of T. conorhini and serum LDH enzymes.
Changes in antigenicity of bloodstream forms of trypanosomes are well known (19) and may reflect changes in production of isozymes. Since pathogenic trypanosomes differ strikingly in structure and biochemical behavior in the invertebrate vector as compared with the warm-blooded host (9, [28] [29] [30] , it is emphasized that the results here deal only with the culture form, which imitates the vector form, of a trypanosome.
